Context: Glycemic targets and the benefit of intensive glucose control are currently under debate as intensive glycemic control has been suggested to have negative effects on mortality risk in type 2 diabetes patients.
type 2 diabetes mellitus have raised attention to safety of aiming for intensive glucose control. Intensive glycemic control has been suggested to have negative effects on mortality risk in type 2 diabetes patients from the Action to control cardiovascular risk in diabetes study (ACCORD) (3), but no statistically significant association was found between HbA 1c and all-cause mortality from meta-analyses of clinical trials (4, 5) . An observational study by Currie et al among patients with type 2 diabetes showed a U-shaped association between HbA 1c and all-cause mortality with increased mortality risk at low and high levels, especially in patients treated with insulin (6) . These findings may have important implications for treatment of patients with type 2 diabetes, but it remains unclear whether they may also apply to insulin dependent, or type 1 diabetes patients. Risk factors for complications are different for type 1 and type 2 diabetes and earlier disease onset in type 1 diabetes increases the lifetime risk of complications more than in type 2 diabetes patients (7) . Findings in type 2 diabetes patients can therefore not automatically be translated to type 1 diabetes patients and need further investigation. We aimed to explore the relationship between HbA 1c and all-cause mortality in a prospective cohort study of patients with type 1 diabetes.
Materials and Methods
Study design and population. The EURODIAB Prospective Complications Study (PCS) is a clinic based prospective cohort study including 3,250 men and women aged between 15 and 60 years with type 1 diabetes. Participants were recruited from 31 centers in 16 European countries and examined between 1989 and 1991. Details on patient selection and the standardized methodology have previously been published elsewhere (8) . type 1 diabetes mellitus was defined as diabetes diagnosed before the age of 36 years with a continuous need for insulin within 1 year of diagnosis. Of those invited, 85% participated. Those with duration of diabetes less than one year and pregnant women were excluded. Ethics committee approval conformed to the Declaration of Helsinki was obtained at each center; all participants provided written informed consent.
Seven years after the baseline examination, study participants were invited for re-examination. For the present study, participants were excluded due to the following reasons: participants could not be assessed or the center did not participate in follow-up examination (n ϭ 464) or no information on baseline HbA 1c (n ϭ 22), leaving 2,764 participants for analysis.
Outcome assessment. Data on mortality were collected at follow-up. All events were captured by death certificates. In addition, questionnaires and hospital records were used to classify underlying cause of death. A comparison of allocation of cause of death was performed separately by two observers with 100% agreement.
Exposure assessment. Baseline HbA 1c was measured centrally with an enzyme immunoassay (EIA) using a monoclonal antibody (The Royal London Hospital, London/Dako, Ely, UK). HbA 1c values obtained were converted to DCCT (%) (9) and IFCC (mmol/mol) values in line with the EASD recommendations (10).
Assessment of baseline characteristics. Blood pressure was recorded in a sitting position with a random zero sphygmomanometer (Hawskley, Lancing, U.K.) and taken as the mean of two measurements. Total-and HDL cholesterol and triacylglycerol were determined using fasting serum and standard enzymatic methods (Boehringer Mannheim, East Sussex, UK). All analyses were performed centrally. LDL cholesterol was calculated using the Friedewald equation if triglycerides were Ͻ 4 mmol/l (11). Information on diabetes duration, daily insulin dose and frequency, antihypertensive medication use, physical activity, smoking status, severe hypoglycemic events and cardiovascular disease (CVD) was collected by questionnaire. Severe hypoglycemic events were defined as the number of hypoglycemic attacks over the past year, serious enough to require help of another person. Measurements were performed for the assessment of microvascular complications (retinopathy, neuropathy and nephropathy) (12) . Weight and height were measured with indoor clothing without shoes and body mass index (BMI) was computed as weight (kg)/height (m 2 ).
Statistical analysis. Baseline characteristics of the study population were presented by quintiles of baseline HbA 1c and mortality status at follow-up as mean (SD), median (interquartile range (IQR)) or n (%). Differences in characteristics were assessed by P for trend for quintiles of HbA 1c and by independent samples t-tests (continuous variables) or 2 tests (categorical variables) for mortality status at follow-up. In preliminary analyses, linear and quadratic models were fitted and compared using the log-likelihood ratio (LR) test. Restricted cubic spline regression (13) was used to examine the possible nonlinear relationship between baseline HbA 1c and all-cause mortality risk at followup. Splines are piecewise polynomial functions and hold a high degree of smoothness at points called knots. Restricted cubic spline regression models provide a more comprehensive insight in the dose-response relationship compared to analysis using categorised data, particularly when the sample size does not allow the use of smaller categories. It allows the use of all data points to estimate risk at each level of exposure. Restricted cubic spline models were tested using three to five knots: the model fit, as assessed by AIC (14) , did not substantially differ and the shape of the association was comparable. Statistical measures are affected by the number of knots, we therefore present result using both three and five knots. Three knots were placed at the fifth, 50th and 95th percentiles (HbA 1c 5.6, 8.1 and 11.8%) and additionally two knots were placed at the 25th and 75th percentiles when using five knots (HbA 1c 7.1 and 9.5%). The median HbA 1c value (8.1%) was selected as the reference value (13) . Spline models were adjusted for age (years) and sex. In additional analysis adjustments were made for diabetes duration (years), physical activity (physical inactivity; mild physical activity Ն 1 time/ wk; moderate physical activity Ն 1 time/ week; vigorous physical activity Ն 1 time/wk) (15), BMI (kg/m 2 ), systolic blood pressure (BP) (mmHg), total:HDL cholesterol ratio (mmol/l), severe hypoglycemic events (no; yes), and nephropathy (albumin excretion rate (AER) Ͻ20 g/min; AER 20 -200 g/min; AER Ͼ 200 g/min). Data analysis was performed using SAS Software Version 9.3 (SAS Institute Inc., Cary, NC, USA). The SAS Macro RCS based on Cox proportional hazards regression (16) was used to conduct the spline analysis. Two-sided P values Ͻ 0.05 were considered statistically significant.
Results
Excluded participants. Participants excluded for the present study due to no participation in follow-up examination (n ϭ 464) or missing data on baseline HbA 1c (n ϭ 22) had higher baseline HbA 1c levels, diastolic BP, triacylglycerol and total:HDL cholesterol ratio levels, were more often smokers, more often used antihypertensive medication, and had higher prevalence of CVD and neuropathy (Supplemental Table 1 ).
Participant characteristics. During a mean follow-up period of 7.2 years (SD: 1.1), 101 all-cause deaths occurred among 2,764 participants (51% male). Among men and women at baseline, the mean age was 33 years (SD: 10), the mean diabetes duration was 14.7 years (SD: 9.3), and the mean baseline HbA 1c was 8.4% (SD: 1.9) (68.3 mmol/mol).
Baseline characteristics of the study population according to quintiles of baseline HbA 1c and mortality status at follow-up are presented in Table 1 and 2, respectively. HbA 1c was positively associated with previous or current smoking, triacylglycerol and total:HDL cholesterol ratio levels, and microvascular complications, and negatively associated with severe hypoglycemia events ( Table 1 ). The proportion of type 1 diabetes patients who died during follow-up was lowest in the second quintile (baseline HbA 1c 7.3% (56.3 mmol/mol)). Participants who died during follow-up were older, had higher HbA 1c , systolic BP, triacylglycerol and total:HDL cholesterol ratio, and longer diabetes duration. They were also more likely to be male, physically inactive or ever-smoker, use antihypertensive medication, and had CVD or microvascular complications at baseline ( Table 2) .
HbA 1c and all-cause mortality risk. The log-LR test comparing linear and quadratic models indicated a borderline significant better fit for the nonlinear quadratic model (P ϭ .05). To gain flexibility and describe and present this nonlinear association we performed restricted cubic spline regression.
Restricted cubic spline results predict hazard ratios for all-cause mortality between the fifth and 95th percentile of the population HbA 1c distribution (HbA 1c between 5.6 and 11.8% (37.7 and 105.5 mmol/mol). HbA 1c was associated with all-cause mortality risk in a nonlinear manner. Levels below and above the median HbA 1c (8.1%) (65.0 mmol/mol) were associated with increased all-cause mortality risk, indicating a U-shaped association. Results from univariate analysis show a P for overall effect of HbA 1c of 0.0005 (three knots) and 0.01 (five knots) and P for nonlinearity of 0.01 (three knots) and 0.04 (five knots). Complete data were available after adjustment for age and sex for 2,655 participants among whom 84 died during follow-up. Results from our multivariate spline model including three knots showed a similar U-shaped relationship (P for overall effect ϭ 0.008) (P for nonlinearity ϭ 0.03) (Figure 1 ). Both low HbA 1c (Ͻ5.6%, 37.7 mmol/mol, HR 1.31, 95% CI 0.67, 2.42) and high HbA 1c (Ͼ11.8%, 105.5 mmol/mol, HR 1.86, 95% CI 1.12, 3.05) were associated with increased all-cause mortality risk compared to the reference (8.1%, 65.0 mmol/l). A similar relationship with all-cause mortality risk was found when using five knots (P for overall effect of HbA 1c ϭ 0.04) (P for nonlinearity ϭ 0.11) (Figure 2 ), even though statistical significance was affected by the increased number of de- grees of freedom as a result of the increased number of knots. All-cause mortality risk was lowest between HbA 1c values of ϳ7 and ϳ8% (53.0 and 63.9 mmol/mol). The shape of this association also remained after additional adjustments for diabetes duration, physical activity, BMI, systolic BP and total:HDL cholesterol ratio even though nonlinearity did not remain statistically significant (P for overall effect of HbA 1c ϭ 0.04 and 0.05 for three and five knots, respectively) (P for nonlinearity ϭ 0.11 and 0.19 for three and five knots, respectively) due to decreased number of events as a result of missing values (n ϭ 1,818 participants; all-cause death events n ϭ 60). The 95% confidence intervals increased with the decreasing number of participants on which sections with very low or high HbA 1c were based. Adjustment for baseline severe hypoglycemia events in addition to age and sex did not change the positive association between low or high HbA 1c and all-cause mortality risk (P for overall effect ϭ 0.008 and 0.04 for three and five knots, respectively) (P for nonlinearity ϭ 0.03 and 0.11 for three and five knots, respectively) (Supplemental Figure 1A and 1B) . When additionally adjusting for nephropathy, the magnitude of the association below the reference HbA 1c became stronger, whereas the association for HbA 1c greater than the reference was slightly attenuated (P for overall effect ϭ 0.03 and 0.11 for three and five knots, respectively) (P for nonlinearity ϭ 0.02 and 0.10 for three and five knots, respectively) (Supplemental Figure 2A and 2B) .
We did not have enough fatal CVD cases to examine the 
Discussion
Results from our study in type 1 diabetes patients from the EURODIAB PCS point towards a nonlinear relationship between HbA 1c and all-cause mortality risk. HbA 1c levels below and above our selected reference HbA 1c (median value) were associated with increased all-cause mortality risk after adjustment for age and sex. This U-shaped relationship remained also after additional adjustments for diabetes duration, physical activity, BMI, systolic BP and total:HDL cholesterol ratio. To our knowledge, the relationship between HbA 1c and all-cause mortality in type 1 diabetes patients has not been described before. Our findings are in agreement with findings in type 2 diabetes patients from two retrospective cohort studies (6, 17) and the ACCORD trial (3). Currie et al showed a U-shaped relationship between HbA 1c and all-cause mortality in the UK General Practice Research database (6 (17) . Findings from the AC-CORD trial (3) show that in type 2 diabetes patients with CVD or at least two risk factors for CVD or severe atherosclerosis, intensive glycemic control (target HbA 1c Ͻ6.0%) vs. standard strategy (HbA 1c 7.0 -7.9%) was associated with increased mortality (HR: 1.22, 95% CI: 1.01, 1.46). Furthermore, post hoc epidemiologic analyses of the ACCORD trial show increased risk for 1% higher HbA1c for the intensive strategy (HR 1.66, 95% CI 1.46, 1.89, P Ͻ .0001) and the standard strategy (HR 1.14, 95% CI 0.95, 1.38, P ϭ .17). The risk of death increased linearly in the intensive treatment group, with no suggestion of increased risk at low HbA 1c levels, whereas a shallow U-shaped relationship between HbA 1c and all-cause mortality was seen in the standard treatment group (P for nonlinearity ϭ 0.0184). This may indicate that the increased risk with intensive compared with standard treatment occurs in patients with average HbA 1c Ͼ7% (18) . In line with our findings, the lowest mortality risk in the standard treatment group was associated with average HbA 1c between 7 and 8% (19) . In the Action in diabetes and vascular disease: preterax and diamicron modified release controlled evaluation (ADVANCE), Zoungas et al showed a weak U-shaped relationship between HbA 1c and mortality with the increased risk at the low end only in those with a HbA 1c of 5.5%, an unusual low level for diabetes patients (20) . They report a possible threshold HbA 1c level of 7%. No significant effect of intensive glycemic control on mortality risk was found in the Veterans affairs diabetes trial (VADT) (21) and meta-analyses of randomized controlled trials (4, 5) . The Diabetes control and complications trial (DCCT) of 6.5 years mean duration (22) report on HbA 1c and cardiovascular factors among type 1 diabetes patients, showing a major reduction in microvascular disease in the intensive group (HbA 1c : 7.0%) compared to the conventional group (HbA 1c : 9.0%) (22) . At the end of the observational post- randomisation follow-up study Epidemiology of Diabetes Interventions and Complications (EDIC) (11 years mean duration), during which both treatment groups maintained an identical HbA 1c level, a positive association between mean HbA 1c over time and multiple measures of cardiac function was found regardless of intensive vs conventional treatment during the DCCT (23) . Also, a reduced risk of 57% (95% CI: 12 to 79%, P ϭ .02) for nonfatal myocardial infarction (MI), stroke or CVD death was found in the intensive treatment group after a mean of 17 years of follow-up (24) , indicating a legacy effect of early intensive glycemic control. Intervention trials intentionally aim for certain HbA 1c levels to achieve intensive glycemic control in participants. The relationship between HbA 1c and risk for all-cause mortality is, however, best assessed in a prospective observational study.
The American Diabetes Association recommends, based on findings from the major clinical trials in type 2 diabetes patients, less stringent HbA 1c target goals for patients with a history of severe hypoglycemia, limited life expectancy, advanced microvascular or macrovascular complications, extensive comorbid conditions, and those with long diabetes duration (2) . type 1 diabetes patients generally have a longer glycemic exposure than those with type 2 diabetes because of its onset at a younger age and are therefore at increased risk for microand macrovascular complications. This risk factor profile could indicate that when considering optimum target HbA 1c for type 1 diabetes patients, the lower the better might not be appropriate.
The EURODIAB PCS is a clinic-based study with a large sample size, where the same standardized methods were used in each European center. However, our study has several limitations. Firstly, 15% of the participants were excluded for the present study due to missing information which may have caused selection bias. We found that excluded patients had a higher risk profile regarding lifestyle and biologic risk factors, which may imply that our associations for HbA 1c and all-cause mortality could have been even stronger if these patients were included. However, even though baseline HbA 1c was higher among excluded participants, it remains unknown whether most patients were excluded below or above the reference and therefore, if the positive association for low and/or high HbA 1c with mortality would have been stronger if these patients were included. Secondly, it remains unsure whether the observed association of an increased mortality risk at low HbA 1c represents an actual, even more a causal, effect or is a result of other factors associated with low HbA 1c and increased mortality that we did not measure. Residual confounding through unmeasured variables could still explain the results, specifically, confounding by comorbid conditions is a main concern (25) . Additional medical problems might interfere with treatment and thereby increase mortality risk (19) . For example, patients with more complications may have been treated differently because of fear of hypoglycemia, however, these factors have not been measured in our study. Low HbA 1c (Ͻ6.5%) was associated with an increased mortality risk in a type 2 diabetes population in those with high levels of comorbidity, but this association was not shown in those with lower levels of comorbidity (26) . Other unmeasured factors in our study that may influence the association between low HbA 1c and increased mortality include lack of adherence to medical advice, psychiatric conditions, cognitive function, social or financial crisis (19) , hypertension, hypokalemia, QT interval (27) , anemia, or other states of increased erythrocyte turnover. It is not known which factors exactly cause low HbA 1c levels and the exact mechanisms through which pregnancy, chronic liver disease, renal disease and HIV affect HbA 1c are not completely understood (28) . Thirdly, we did not have enough power to stratify the association between HbA 1c and all-cause mortality by cause of death. Finally, these observations must be interpreted with caution because of the limited statistical power for our analyses. Limited number of all-cause mortality events can be explained by the young age of our study population. However, the EURODIAB PCS as an observational study provides a unique opportunity to study the relationship between HbA 1c and all-cause mortality prospectively in young type 1 diabetes patients. Our results are relevant to the discussion about the risk of intensive glycemic control in diabetes patients. Our findings confirm the reported increased risk of death associated with low HbA 1c shown in observational studies among type 2 diabetes patients.
The potential mechanism underlying these findings remains unclear. Lower HbA 1c targets are mechanically associated with higher risk of hypoglycemia, a common complication in intensive glucose treatment. Results from a meta-analysis of randomized clinical trials indicates a 30% increased risk of severe hypoglycemia by intensive glycemic control (5) . In the DCCT, a two-to threefold increase in severe hypoglycemia events in the intensive group was seen compared with the conventional group (22) . Recent findings from the Diabetes and Aging Study suggest a U-shaped association between hypoglycemia and HbA 1c in type 2 diabetes patients with highest risk for severe hypoglycemia reported among patients achieving near-normal glycemia (HbA1c Ͻ 6%) as well as poorly controlled patients (Ն9%) (29) . In our study, severe hypoglycemia events more often occurred in the lower compared with the higher HbA 1c quintiles (P for trend ϭ Ͻ0.0001), however, additional adjustment for severe hydoi: 10.1210/jc.2013-2824 jcem.endojournals.orgpoglycemia events did not attenuate the association between low or high HbA 1c with all-cause mortality. This adjustment was however, limited to self-reported hypoglycemia events. Also, Gruden et al (30) did not find an association between severe hypoglycemia and cardiovascular events or increase in markers of inflammation and endothelial injury in the EURODIAB PCS. Additional adjustment for nephropathy in our study indicated a stronger magnitude of the association for HbA 1c below the reference, whereas the association for HbA 1c greater than the reference was slightly attenuated. This could indicate that the positive association between low HbA 1c and all-cause mortality risk might be stronger in those with nephropathy.
In conclusion, results from our study suggest an elevated mortality risk at both low and high HbA 1c in type 1 diabetes patients. The higher risk of all-cause mortality at lower HbA 1c levels found in our study might indicate that target HbA 1c levels below a certain threshold may not be appropriate for all type 1 diabetes patients. We recognize that HbA 1c levels below 5.6% in individuals with type 1 diabetes may be related to anemia, renal insufficiency, infection, or other factors not available in our database. Findings on this relationship from observational and intervention studies among type 1 and 2 diabetes patients are inconsistent and our data will require confirmation by other groups. If confirmed, the potential mechanisms underlying this increased mortality risk among those with low HbA 1c will need further study.
